feasible interface active agent (interfactant) effect with respect to directing the attachment of molecular films and the interaction with these films was discussed [6] . Based on this conception, polymeric interfactant films are two-dimensional layers with molecular dimensions, and they are made up of molecular entities in a way that each molecule spans between the solid substrate below it and the neighboring phase which extends over the half-space above it. Generally, this neighboring phase may be air, a liquid (like water [6] ) or a solid, e.g. a cured adhesive or nano-particles. The interfactant layer may feature a homogeneous thickness all over the substrate, or it may exhibit some local variations in height leading to a difference between the roughness of the interfactant layer and the substrate roughness. A laterally homogeneous layer thickness is to be expected for layers of conventional adhesion promoters or coupling agents which exhibit an essentially linear head-tail structure, like surface-active material [4, [7] [8] [9] . The head group and often also the tail group are functional, and they may be different from each other. Depending on the length of the spacer (or backbone) unit between these terminal groups and on the temperature with respect to a critical temperature, the two-dimensional layers may be liquid, amorphous or highly ordered, e.g. forming a 2D crystalline layer in a self-assembly process resulting in a self-assembled monolayer (SAM) [8, 9] . Most pronounced during film growth, the molecular entities may be laterally mobile with respect to each otherwhich may hold true not only for the spacer chain and the tail group but also for the head group attached to the substrate. Such mobility of head groups is restricted in case of an intra-layer linking which is known for silane layers on oxide surfaces or also for alkyl thiol SAMs on gold surfaces showing disulphide links close to the substrate surface [9, 10] . On the other hand, a laterally variable layer thickness may be expected for layers formed from polymers with a more complex shape than a linear one. As it was shown for amphiphilic polymers, such non-linear shape may result from intramolecular interactions, a phenomenon which is quite common also for polypeptides, e.g. globular proteins [4] [5] [6] . Especially for such polymeric monolayers the term polymeric interfactant layer was suggested recently [6] .
The formation of graphene oxide (GO) layers on substrates is governed by the interactions between GO sheets (or flakes) and the substrate surface. GO may be considered a molecule with a hydrophobic polyaromatic backbone separated by cycloaliphatic structures containing C=C double bonds and hydrophilic hydroxyl and epoxy groups; and the edges of this nearly flat carbon grid expose carboxylic acid groups [11, 12] . The properties of reduced graphene oxide as a conducting material adsorbed on surfaces depend on the morphology of the constituting nano-sheets and the overall assembly arrangement [13] . Following the intended application of GO, reduced GO or graphene films, the morphology of the constituting adsorbed nano-sheets may be aspired to result smooth and flat or, alternatively, corrugated, e.g. wrinkled or crumpled [14] [15] [16] [17] . The interaction between the substrate and graphene or between adsorbed nanoparticles and GO may govern the formation of wrinkles [14, 15] in the flexible nano-sheets. Wrinkles may occur on graphene planes and have high aspect ratios, with a height below 15 nm and lengths above 100 nm [15] . The layer assembly may be tuned by covalent interactions of the carboxylic and hydroxyl functional groups and by electrostatic interactions with polyelectrolytes [18, 19] . Thin graphene oxide layers may be obtained by dipping hydrophilic substrates like pretreated quartz in a 70 °C hot aqueous dispersion of exfoliated GO, resulting in continuous and homogeneous films [20] . Chemical adsorption was investigated by Ou et al. who contacted an aqueous GO formulation for 12 h at 80 °C with a (3-aminopropyl)triethoxysilane (APTES-SAM) covered Si wafer [21] . In a similar way, covalent anchoring was shown by Su and Chiou who attached GO to aminothiol modified gold surfaces [18] . Using such conventional adhesion promoter layers as substrates for the formation of GO films requires first the attachment of the organic layers to the respectively used substrate and, second, an adequate, e.g. chemical, interaction with the subsequently applied GO sheets. Therefore, polymeric interfactants may provide promising prospects since they strongly attach to a wide range of distinct substrate surfaces and, thus, may also be eligible for attaching GO nano-sheets.
In this contribution, we present insight into the adsorption of GO from aqueous dispersions on aluminum oxide surfaces modified with an interfactant layer based on a chemically non-reactive amphiphilic polymer. Our approach is highlighted in the sketch shown in Fig. 1 which is based on further developing the non-centrosymmetric layer conception recently described [6] .
Methods
In this section, the experimental procedures applied for the manufacture of the layer systems on surfaces of aluminum oxide single crystals as well as the analysis methods used for characterizing the layers will be described. Fig. 1 Sketch of a two-step process for attaching graphene oxide (GO) nano-sheets onto a layer of an interfactant system which is based on adsorbates of an amphiphilic polymer on a sapphire substrate
Experimental procedures
Sapphire (α-aluminum oxide, corundum single crystal) samples, single-side chemomechanically polished were purchased from TBL-Kelpin Dr. Gerd Lamprecht (Neuhausen, Germany).
A water-based formulation "G50 wb" containing the amphiphilic polymer Additive G50 (Straetmans High TAC GmbH, Hamburg, Germany) was used. The effective polymer will be denoted as "G50" throughout this contribution. Properties of the polymer formulation were described elsewhere [5, 6] . Based on a parent formulation containing 4 wt% of organic constituents comprising polymer and triethanolamine (TEA) for adjusting the pH value, diluted formulations with a concentration of 2 wt% were prepared by adding demineralized water to the parent formulation.
A commercially available 4 mg/mL aqueous graphene oxide (GO) dispersion from Graphenea (San Sebastián, Spain) was used to prepare a formulation containing 0.5 mg/ mL GO in 0.15 M acetate buffer. Acetic acid and sodium acetate were used in reagent grade (Sigma-Aldrich).
The sapphire substrates were coated by immersion in the formulation based on Additive G50. Two distinct sequences of immersion and water rinsing were applied: 17 h of immersion and 45 min rinsing leading to samples labelled G50-17h, and 27 h immersion and 4 h of rinsing providing samples labelled G50-27h. The GO dispersion was homogenized by applying an ultrasonic treatment for 5 min before use. After 1 h in contact with the GO dispersion, the coated substrates were rinsed gently for some seconds with water and then submerged in deionized water for 2 min; followed by blowing with air. Finally, the samples were allowed to dry and were stored under environmental conditions at room temperature.
Analysis methods
Investigations of the surface composition were performed with X-ray photoelectron spectroscopy (XPS). XPS spectra with an information depth of around 0.01 µm were taken using a Kratos Ultra system applying excitation of photoelectrons by monochromatic Al K α radiation within an area of approximately 0.2 mm 2 . The system was operated at a base pressure of 4 × 10 −8 Pa, the sample neutralization was performed with low energy electrons (<5 eV). An electrostatic lens was used, the take-off angle of electrons was 0°, and the pass energy was fixed to 20 eV (or, respectively, 40 eV in case of some less concentrated constituents) in high resolution spectra and 160 eV in survey spectra. Elemental ratios were calculated based on the area of the peaks and considering relative sensitivity factors. Atomic concentrations for the detected elements are given in atomic percent, abbreviated by at%. The given at% values may be translated to weight percent values by considering the respective atomic masses. For each sample two positions were investigated. When calculating the thickness of adsorbates, a compact and homogeneous layer is assumed. The equation of d = − ln(y) × X was employed, in which d is the thickness of the layers, y is the Al2p signal intensity ratio between covered and pristine Al 2 O 3 samples, and X is the inelastic mean free path of Al2p electrons, assumed to be 3.3 nm in an organic adsorbate layer [22] . The sample surface topography was analyzed using scanning force microscopy (SFM). Two distinct instrumental setups were applied. An SFM from Asylum Research was operated in the tapping mode in air. Silicon probes (model Tap150Al-G, back side of the cantilever covered with Al) with a resonance frequency of 150 kHz and a force constant of 5 N/m were used. A scanning probe microscope operated in the SFM 'tapping mode' in air (Digital Instruments Nanoscope III multimode with phase extender box) was employed profiting from a maximum scan range of the scanner around 100 µm. Si cantilevers (Nanosensors) with a resonance frequency around 250 kHz corresponding to force constants around 20 N/m were used. The nominal tip diameter was in the range of 10 nm. For characterizing the structures of the adsorbates, height differences, among other criteria, were evaluated. The values reported are an average of at least ten height differences measured.
The apparent contact angles were measured using a goniometer (ramé-hart instrument co., USA) by sessile drop technique, and MiliQ grade water was used as probe liquid; the volume of the drops was constant (10 μL) for each measurement at a temperature of 22 °C. The contact angle values reported are an average value of at least three separate drops on different substrate areas. The recorded images were analyzed by Drop Image ramé-hart instruments software.
Results and discussion
In this section, we will highlight and discuss characteristics of adsorbing graphene oxide from a buffered aqueous dispersion on pristine aluminum oxide surfaces and on Al 2 O 3 surfaces covered with thin films of an amphiphilic polymer denoted as G50.
Initially, the layer formation and stability of G50 layers on sapphire surfaces was studied spectroscopically using XPS. The respective Al 2 O 3 substrate was submerged for a period of 17 or 27 h in the aqueous formulation and subsequently rinsed for 45 min or 4 h, respectively. Table 1 and Fig. 2 indicate the obtained elemental composition of the films based on the XPS results. After G50 adsorption the intensity of the Al2p and F1s photoelectron emission from the substrate is roughly halved. Within the films carbon, oxygen and nitrogen species are detected, with similar concentrations [C], [O] and [N] when comparing G50-17h and G50-27h samples. Stable layers withstanding several hours of rinsing with water were formed. An adsorbate thickness of 3.1 ± 0.2 nm is obtained for G50-17h and a marginally lower thickness for G50-27h.
The findings of contact angle measurements are presented with microscopic images in Fig. 3 , and the evaluation of the investigations is given in Table 2 . After depositing the Table 1 Results of XPS investigations, with surface concentrations given in atomic % (at%), for distinct pristine sapphire samples (average values are given) and for these substrates after contact with 2 wt% G50 formulation either for 17 h and then rinsed 45 min (samples G50-17h) or for 27 h and then rinsed 4 h (samples G50-27h) Sample Element G50 layer on top of the sapphire substrate, the contact angle changes from 76.9 ± 1.1° to 72.2 ± 3°. Depending on the surface pre-treatment and the resulting coverage with carbonaceous species, water contact angle values in the range between <5° and 72° were reported for alumina substrates [23, 24] . Therefore, the rather high contact angle measured is attributed to surface species which increase the hydrophobicity, e.g. carbonaceous moieties with a concentration around 20 at % as indicated by the XPS measurements. The contact angle found for the G50-17 h sample results similar to the one reported by Gonçalves et al. [5] for a G50 film formed on a magnesium alloy surface. The microscopic findings for the surface structure of pristine sapphire surfaces and the G50-17h sample as obtained by SFM investigations are presented in Fig. 4a on a larger scale and in Fig. 5a and b on a smaller scale. For the pristine sapphire surface a rather smooth topography is obtained, characterized by an R a roughness value of 0.9 nm. This finding is interpreted to result from the chemo-mechanical surface treatment of the sapphire sample. In contrast, for annealed crystals a step-terrace surface morphology was found [25] . The deposition of the G50 film leads to a decrease in surface roughness, and an R a value of 0.3 nm is obtained.
The solid constituents of the GO dispersion were characterized assessing a dried deposit of the dispersion which subsequently was rinsed with water. Water rinsing reduced the concentration of Mn, N and S species in the topmost surface of the bulky dried deposit. Finally, minor residues of the underlying moieties with concentrations below 1 at% were obtained, as highlighted in Table 3 . This finding is attributed to a layerwise build-up of the deposit which results from the drying process characterized by the loss of the aqueous dispersant or solvent, respectively. During the advance of drying, presumably the agglomeration of graphene oxide sheets precedes the deposition of more soluble species which accordingly may be dissolved by rinsing with water after the drying. The wetting behavior of the resulting solid was characterized by a water contact angle around 36° (cf. Table 2 ). This is in agreement with findings by Dai et al. [26] who reported a water contact angle of 34° for GO. Additionally, the presence of molecular species with S-and N-containing species as found by XPS may influence the contact angle [27] . As shown in Fig. 4b , SFM investigations reveal distinct morphological Table 3 Results of XPS investigations, with surface concentrations given in atomic % (at%), performed for a dried deposit of GO dispersion (intensively rinsed with water), pristine sapphire, a G50/sapphire film (sample G50-17h), and a GO/G50/sapphire film features: on the one hand more than 10 µm wide regions with wrinkled sheets oriented parallel to the surface, and on the other hand regions with considerably smaller deposits. The deposition of graphene oxide on sapphire surfaces modified with G50 was performed from buffered GO dispersions during an immersion period of 1 h. The respective survey scans obtained from XPS investigations are shown in Fig. 2 in the spectra labelled B and C. As highlighted in Table 3 , the Al2p signal intensity decreased as compared to the sample G50-17h due to material deposition from the GO dispersion. In detail, besides C-and O-containing species also Mn and S species and probably N-containing species were deposited. In addition, XPS signals with a high spectral resolution in the C1s region (not shown) reveal similar spectroscopic features for the interfactant G50 and the graphene oxide. Two dominant C1s peaks centered around 285 and 287 eV are attributed to hydrocarbonaceous species with C*-H or C*-C bonds and, respectively, to species with C*-O single bonds. On a molecular level, these ones are assigned to polyoxyalkylene moieties in G50-based polymers and to functional groups in graphene oxide, like carbon-bonded hydroxyls, phenols, ethers, or epoxy moieties [5, 28] . As a consequence, the adsorption of moieties from the GO dispersion will be inferred from evaluating the attenuation of the sapphire-related Al2p XPS signal intensity, from contact angle measurements, and from SFM investigations. Subsequently, the thus obtained findings will be described.
Based on evaluating the Al2p peak intensities listed in Table 3 , the adsorbate layer found for the GO/G50/sapphire sample is 2.2 ± 0.5 nm thicker than the one observed for the G50-17h sample. This finding is ascribed to the formation of a GO-based adsorbate layer with an effective average thickness of 2.2 nm on top the G50 adlayer. Accordingly, as shown in Table 2 the water contact angle decreases from 72.2 ± 3° to 53.1 ± 2.1° which is attributed to the formation of a more hydrophilic surface termination. However, the wettability of the deposit formed from a dried GO dispersion and characterized by a contact angle of 36 ± 2° is not reached. This finding may be reflected on the base of the SFM images obtained for the GO/G50/sapphire sample as displayed in Figs. 4d, 5d and e, as well as in Fig. 6a and c. The microscopic investigations indicate that after contact with the GO dispersion the smooth G50 adlayer is largely-but not completelycovered by particulate adsorbates of different sizes and morphologies. Thus, the wettability of the sample may be affected by both the regions covered by G50 and the ones covered by GO particles; and the resulting contact angle of 53° is in between 72° and 36°. Considering the SFM images in more detail, the 30 µm wide height image in Fig. 4d Fig. 6 6-10 µm wide SFM images of a GO/G50/sapphire film showing a a height image in a region with strongly wrinkled GO adsorbates, b the phase image of the same region as shown in a, and c a height image in a region with single GO sheets in different sizes comprised sections of around ten particles with the particle width ranging between 5 and 15 µm. Noticeably, the particle widths were more than one order of magnitude larger than the particle heights which indicates that the largest face of the particles preferentially was oriented parallel to the surface of the G50 adlayer. The actually exposed particle faces show significantly different surface morphologies, ranging from smooth to rough and strongly wrinkled areas. The SFM height image in Fig. 6a and the phase image in Fig. 6b acquired in the same region revealed that bunches of corrugated nanosheets with wrinkle heights of several ten nanometers may extend over at least 10 µm wide regions. In contrast to such strongly corrugated multilayer regions, the SFM height images in Figs. 5d and 6c show adsorbates made up of smooth and several micrometers wide graphene oxide sheets with heights between 1 and 5 nm. The wrinkle density was characterized by around five wrinkles per 10 µm 2 area, and the wrinkles were a few micrometers long and some nanometers high. For comparison, single layer graphene flakes decorated with oxygen-and hydrogen-containing groups typically show an average height in the range of 0.8 to 1.2 nm [29] . On top of the sheet presented in Fig. 5d , ad-islands with smaller sheets in parallel orientation are indicated in the height image. As these islands are not contrasted in the correspondent phase image shown in Fig. 5e , they were attributed to a material with a similar deformation behavior as the GO sheet, and they are interpreted to originate from GO alike. Moreover, the phase image clearly highlights that the topographically lower region in the gap towards the nearby GO sheet at the right edge of the images in Fig. 5d and e were composed of a material with a different deformation behavior as compared to GO. This material is interpreted to be the polymeric interfactant layer covering the alumina surface. The height line in the cross section shown in Fig. 5f highlights the heights of the sheets and, as well, the considerable corrugation of the sheet surface. For the nano-sheet shown in Fig. 6c intramolecular folding was observed since the sheet edge pointing towards the bottom of the image shows a significantly greater height difference with respect to the underlying G50 layer, and it appeared back-folded with an elevated outward tab region. In contrast to the region shown in Fig. 6a , the regions imaged in Figs. 5d and 6c exhibited relatively low GO coverages, and overlapping between neighboring smooth GO sheets was not a dominant feature. Finally, pristine sapphire substrates were immersed in buffered aqueous GO dispersion, and a change of surface properties was observed. The water contact angle decreased from 76.9 ± 1.1° to 65.5 ± 4°, and the surface roughness R a inferred from SFM images increased from 0.9 to 1.8 ± 0.7 nm. For a more detailed discussion, SFM height images are shown in Fig. 4c and on a smaller scale in Fig. 5c . The surface of the GO/sapphire sample was clearly more corrugated than the surface of pristine sapphire. When comparing the surface structure of GO/sapphire adsorbates with the one of GO/G50/ sapphire films, it became clear that in contrast to the latter one the GO/sapphire sample did not manifest particulate adsorbates with a particle width above 5 µm, and especially extended GO nano-sheets were not imaged when investigating more than ten surface regions.
These findings indicate significant effects of the G50 interfactant layer with respect to directing the adsorption of graphene oxide nano-sheets towards a face-to-substrate adsorption geometry, favoring adsorbates from huge GO sheets with the cyclic ether groups on the sheet surface oriented towards the linear aliphatic ether groups in the adsorbate layer formed by the amphiphilic polymer G50. Aiming at substantiating the inferred interaction between GO sheets and the G50 interfactant layers, both the GO/ sapphire sample and the GO/G50/sapphire sample were subjected to prolonged rinsing with water. Concerning the GO/G50/sapphire films, longer-term rinsing resulted in decreasing the concentration of Mn-or S-containing species by approximately 50% as compared to the XPS findings reported in Table 3 for the shortly rinsed GO/G50/ sapphire films. The Al2p signal intensity was not significantly affected by such rinsing which indicates that the film thickness did not change substantially. After immersion in water under gentle stirring for one hour the samples were imaged again by SFM, and the obtained SFM images are shown in Fig. 7 .
Concerning the GO/G50/sapphire films, the SFM height images in Fig. 7c and d show regions with adjacent single GO sheets extended horizontally over the surface. This finding indicated some robustness of the nano-sheet adsorbates against rinsing with water. Concerning GO/sapphire adsorbates, in Fig. 7a a region with an R a roughness value of 3.1 ± 0.5 nm is presented which is higher than the value of 1.8 ± 0.7 nm obtained before rinsing. The SFM phase image in Fig. 7b was acquired in the same region; and the phase contrast indicates three types of domains with distinct deformability. The domains with the lowest phase angle coincided with topographically low areas and, therefore, were attributed to the sapphire substrate. In contrast, the domains with the highest phase angle corresponded with topographically high areas which were around 6 nm higher than the substrate and dominantly were laterally extended by several 100 nm. These domains were interpreted as elevated graphene oxide adsorbates. However, they appeared rougher and more pitted than the GO sheets shown in Fig. 7c and d . Also, the material constituting the third domain appeared significantly rough and scattered; and straight edges of adsorbates or the voids in between them were hardly discerned.
Summarizing, the adsorbates found on GO/sapphire samples appeared to expose a much longer contour length of their lateral boundaries as compared to the much wider particulate adsorbates which were characteristic for GO/G50/sapphire films. Somehow, the interfactant layers seemed to hinder the random deposition of GO-based material and to favor the attachment of several micrometer wide graphene oxide sheets. A driving force for the latter aspect was discussed above based on dominating contributions from van der Waals interactions. A possible driving force for the deposition of smaller particles in case of the GO/sapphire system is highlighted subsequently, based on polar and electrostatic contributions. The pH value of the buffer solution was 4.75, GO suspensions are characterized by a negative ζ-potential at pH values around 5, and alumina and probably also sapphire surfaces are characterized by positive ζ-potentials at these pH values [30] [31] [32] . Therefore, favorable polar and electrostatic interactions may be expected between GO and sapphire surfaces. Predominantly the edges of GO sheets are regions which are rich in acidic groups [14, 33] . Therefore, the adsorption of GO sheets with a high ratio of functionalized edges may be preferred on sapphire as compared to the adsorption of GO sheets with epoxy-functionalized faces. Demonstratively, this promoting ratio will be the higher the smaller GO sheets are, and the competing effect will be lower for smaller GO sheets. In this way, the finding of smaller particulate adsorbates in case of the GO/sapphire system than in case of the GO/G50/sapphire system may be expectable. Still, possible influences of water-soluble, S-and N-containing molecular species in the GO dispersion will need to be assessed to embrace all the interactions competing with the interfactant action of the amphiphilic polymer layer.
Conclusions
An amphiphilic polymer was used as interface active agent (interfactant) governing interphase properties during the adsorption of graphene oxide (GO) particles. The interfactant directed the adsorption of graphene oxide (GO) nano-sheets from aqueous dispersion on sapphire surfaces in a face-to-substrate geometry, favoring the adsorption of several micrometers wide sheets to the adsorption of smaller and more hydrophilic entities. The study provides a model system illustrating how assembly of nano-particles or the attachment of polymers could be controlled due to interfactant nano-layers formed on various oxide surfaces.
